NAFLD is a clinicopathological diagnosis in which more than 5% of hepatocytes demonstrate macrovesicular steatosis in an individual without significant history of alcohol intake. NASH is characterized by steatosis with hepatocellular ballooning and lobular inflammation, often accompanied by perisinusoidal fibrosis. 6 Although many children exhibit a histologic pattern of NAFLD or NASH consistent with the features reported in adults, 7 a significant subset demonstrate unique features regarding location or presence of fat, inflammation, and fibrosis. 8 Age-or duration-specific differences likely contribute to the etiopathogenesis of NAFLD. NAFLD, as opposed to NASH, was selected as the histologic entry criterion for this study because of a lack of knowledge about the natural history of this pediatric subset.
Insulin resistance is frequently identified in both adults and children with NAFLD 9 ; oxidative stress is considered a contributor to progression. 10 Treatment approaches to NAFLD in adults and children target reduction in insulin resistance and oxidative stress. The only recognized management strategies use dietary modification and exercise. 12, 13 No randomized controlled trials have been performed in children using histology, which is regarded as the gold-standard assessment. 11 Based on pediatric pilot data demonstrating potential efficacy of metformin 14 or vitamin E, 15 the NASH Clinical Research Network (NASH CRN), which is supported by the National Institutes of Health, initiated a phase 3, multicenter, randomized, double-blinded, placebo-controlled trial evaluating vitamin E or metformin for the Treatment of NAFLD in Children (TONIC).
METHODS
The TONIC protocol and consent and assent forms were developed by members of the treatment trial committee of the NASH CRN with approval by the steering committee. The study was approved by the institutional review boards at each center. Investigational new drug approval was obtained from the Food and Drug Administration. Each patient's parent or guardian provided written consent and each patient gave written assent. Data quality and patient safety assessments were reviewed regularly by an independent data and safety monitoring board. There were no formal stopping rules. A single interim efficacy analysis was performed when 50% of participants completed the 96-week course of treatment and had their follow-up liver biopsies. The manuscript was prepared by the writing committee and reviewed and approved by all steering committee members.
Full details of the trial design have been published previously. 16 The TONIC trial design conformed to the revised CONSORT standards for reporting randomized trials. 17 Eligible children were identified and recruited from unsolicited referrals to the 10 participating clinical centers starting in September 2005 and ending September 2007. Patients aged 8 to 17 years with NAFLD and persistently elevated levels of alanine aminotransferase (ALT) were eligible. All patients and parents were provided uniform standard-of-care advice on diet and exercise at each visit by physicians and dieticians. NAFLD was defined by a liver biopsy demonstrating more than 5% steatosis within a 6-month period before randomization. Persistent elevation of ALT was defined by a value greater than 60 U/L for 1 to 6 months before and at the time of randomization. Patients with diabetes mellitus or cirrhosis were excluded. The rationale for their exclusion was to avoid potential decompensation in either condition. Children younger than 8 years were excluded to avoid problems with swallowing pills. Other exclusion factors were monogenic inborn errors of metabolism, pregnancy, viral hepatitis, alcohol use, and other causes of chronic liver disease.
Biopsies were interpreted by a site pathologist to determine eligibility and later read centrally by NASH CRN pathologists masked to treatment assignment. Histological activity was assessed using the NAFLD activity score on a scale of 0 to 8, with higher scores indicating more severe disease; the components of this measure include steatosis (0-3), lobular inflammation (0-3), and hepatocellular ballooning (0-2). 7 Biopsies also were assessed for the presence or absence of NASH. These determinations were made independently of the lesion scores and were based on pattern of injury as well as the presence and degree of individual lesions.
Randomization and Treatment Assignment
Eligible patients were randomized in permuted blocks of treatments stratified by clinical center. Patients were assigned in a 1:1:1 ratio to 1 of 3 groups for 96 weeks of treatment, either (1) oral metformin (500 mg twice daily) and vitamin E placebo twice daily, (2) vitamin E (400 IU twice daily) and metformin placebo twice daily, or (3) vitamin E placebo and metformin placebo, each twice daily. The natural form of vitamin E (RRR-␣-tocopherol, Nature Made 400-IU soft gel) and identical-appearing placebo were supplied by Pharmavite (Northridge, California) under a clinical trial agreement with the National Institute of Diabetes and Digestive and Kidney Diseases (NIDDK). Metformin 500-mg tablets and identical-appearing placebo were overencapsulated with the dose selected based on prior pilot study results in pediatric NAFLD 15 and considerations of tolerable pill size and quantity. Adherence was assessed with pill counts confirmed at each visit. Subgroup analyses were performed to assess that treatment group results did not vary with adherence by stratifying those with 80% or greater adherence vs those with less than 80% adherence.
Follow-up Visits
Visits were scheduled 4 weeks and 12 weeks after randomization and every 12 weeks thereafter through 96 weeks of treatment. Another visit 24 weeks after treatment cessation (120 weeks postrandomization) was performed to assess durability of response and further VITAMIN E OR METFORMIN FOR PEDIATRIC NAFLD safety evaluation. The final patient follow-up was March 2010. Each visit through the end of treatment included taking a standardized medical history; serum collection; and recording interim safety-related events, adherence, and pill counts. Any serious adverse events identified from spontaneous reports that were deemed unexpected and related were sent to the data coordinating center and NIDDK within 7 days of the event becoming known to the clinic staff. Urine pregnancy tests were performed for female participants of child-bearing potential at each visit. At baseline and 96-week end-oftreatment visits, patients underwent anthropometric assessments of weight, height, waist and hip circumference, triceps skin fold, and Tanner stage; laboratory evaluations, including fasting insulin and serum glucose, ALT, aspartate aminotransferase (AST), alkaline phosphatase, total bilirubin, ␣-tocopherol, ␥-glutamyltransferase (GGT), cholesterol, and triglycerides; body composition assessment with dual-energy x-ray absorptiometry (DXA); and a Pediatric Quality of Life Inventory (version 4.0) (physical health functioning and psychosocial health summary), completed by both the child and the parent or guardian. At 96 weeks, a percutaneous liver biopsy was performed immediately after treatment was ended. At weeks 48, 96, and 120, the following assessments were added if not already included: physical activity, liver symptom, pediatric quality of life, and nutrition questionnaires; hemoglobin, hematocrit, white blood cell, and platelet counts; fasting lipids; homeostatis model assessment of insulin resistance (HOMA-IR); serum glucose; glucose tolerance testing with insulin; C-peptide; free fatty acids; leptin; and C-reactive protein. Sociodemographic variables, including race and ethnicity with categorization similar to the 2010 US Census, were reported by the patient or the patient's parent or guardian at baseline. These data were collected to test for subgroup effects because NASH varies by race and ethnicity.
Primary and Secondary Outcomes and Primary Analysis
The primary outcome was sustained reduction in ALT level, defined as 50% or less of the baseline level or 40 U/L or less at each visit from 48 to 96 weeks of treatment. The primary analysis was intention to treat with all patients analyzed according to assigned treatment. Patients missing a 96-week ALT measurement were imputed as not achieving a sustained reduction. Differences between groups were analyzed using the Mantel-Haenszel 2 test stratified by clinic.
There were no planned subgroup analyses; however, post hoc subgroup analyses were done to explore whether the overall primary outcome results differed in particular groups of patients. Logistic regression models were used for the subgroup analyses and included terms for treatment group, subgroup, and the interaction of treatment group and subgroup. The interaction terms represent potential subgroup differences in treatment effects and were considered statistically significant if the interaction PϽ.01. The subgroups evaluated were sex, age, race, Hispanic ethnicity, Tanner stage, elevated ALT, presence of NASH, body mass index (BMI) (calculated as weight in kilograms divided by height in meters squared), weight, vitamin E levels, and adherence.
To explore the emergence of any time-related patterns of response to treatment, means and 95% confidence intervals (CIs) for changes relative to baseline in ALT, AST, alkaline phosphatase, weight, BMI z score, and HOMA-IR were plotted vs time from randomization until end of treatment at 96 weeks and until 24 weeks after treatment (at 120 weeks). Mean and 95% CIs for changes from baseline in ALT were compared at 24, 48, 72, and 96 weeks using analysis-of-covariance (ANCOVA) models for ALT at each time point related to treatment group and the baseline ALT measure. Changes in liver histology scores from the baseline biopsy to the end-of-treatment biopsy were compared using either a 2 test for binary outcomes related to improvement in histology or an ANCOVA model for changes in scores. ANCOVA models were also used to compare changes from baseline to the end of treatment in serum biochemistry tests; lipids; metabolic measures; and qualityof-life scores reported by child and parent/guardian. Frequencies of adverse events were compared across the treatment groups using Fisher exact test.
Secondary outcome measures were assessed using change from baseline to week 96 and included the following: those with NASH and borderline NASH improving to "not NASH"; NAFLD activity score; individual histological scores, including hepatocellular ballooning, fibrosis, steatosis, and lobular inflammation; health-related quality of life; anthropometric variables; insulin resistance and serum lipid profiles; and levels of AST, GGT, and alkaline phosphatase. Secondary outcome measures were assessed for completers and were analyzed using ANCOVA adjusting for the baseline measure of the outcome for continuous measures, 2 tests for unordered categorical measures, and Cochran 2 tests for trend for ordered categorical measures. P values were nominal and not adjusted for multiple comparisons or multiple looks. Analyses were performed using SAS version 9.2 (SAS Institute, Cary, North Carolina) and Stata version 11.1 (StataCorp, College Station, Texas).
Although improvement in histology is a more desirable primary outcome measure than improvement in ALT, lack of any prior histology-based NAFLD trials in children precluded sample size calculations for adequate power. The intended sample size was 180 patients with equal allocation to the 3 treatment groups, which was calculated to provide 90% power with a 2-sided type I error of .025 (because of the 2 planned comparisons) and an estimated response rate of 50% vs 20% in sustained reduction in ALT level between the active treatment groups and placebo, respectively. The expected response rate of 50% for metformin was estimated using pilot data from a 48-week metformin study, the same response rate was assumed for vitamin E, and the response rate of 20% in the placebo group was consensus estimate from the investigators. The study was planned to stop at a fixed calendar time (September 2007) because of budgeting and drug supply logistics, so the achieved sample size was 173 (96% of target), which corresponds to 88% power rather than 90%.
RESULTS

Study Patients
Patient screening, enrollment, and retention by treatment group are detailed in FIGURE 1. One hundred seventy-three patients were randomized to receive vitamin E (n = 58), metformin (n = 57), or placebo (n = 58). Ages ranged from 8 to 17 years (mean, 13.1 years), and the majority were male (81%) and Hispanic (61%). Most patients were peripubertal, obese, and insulin resistant. Baseline characteristics were similar for all 3 treatment groups with respect to demographics, anthropometrics, quality-of-life assessments, pertinent laboratory data, and liver histology (TABLE 1).
Primary Outcome
Eighty-seven percent of patients completed 96 weeks of treatment and had end-of-study clinical parameters and liver biopsy obtained. All enrolled patients were included in analysis of the primary outcome, sustained reduction in ALT level. The attainment of sustained reduction in ALT level was similar to placebo (10/ 58; 17%; 95% CI, 9% to 29%) in both the vitamin E (15/58; 26%; 95% CI, 15% to 39%; P = .26) and metformin treatment groups (9/57; 16%; 95% CI, 7% to 28%; P = .83) (TABLE 2). The mean change in ALT level from baseline to 96 weeks was −35.2 U/L (95% CI, −56.9 to −13.5) in the placebo group vs −48.3 U/L (95% CI, −66.8 to −29.8) in the vitamin E group (P = .07) and −41.7 U/L (95% CI, −62.9 to −20.5) in the metformin group (P =.40).
Although 100% (70/70) of patients at the largest clinic had complete data at the end of treatment vs 78% (80/ 103) at the other clinics, sensitivity analysis by completer status showed results consistent with the negative primary outcome findings for vitamin E and metformin (eTable 1, available at http://www.jama.com). Subgroup analyses evaluating sex, age, race, Hispanic ethnicity, Tanner stage, degree of ALT elevation, presence of NASH, BMI, weight, vitamin E level, and adherence to medications were also consistent with negative primary outcome findings for vitamin E and metformin (eTable 1). Change in ALT level at 24, 48, 72, and 96 weeks (Table 2 and FIGURE 2) showed a significant difference between those treated with vitamin E and placebo at week 24 (at week 48, P=.04), but this difference diminished at weeks 72 and 96, primarily because of continued reductions in ALT levels in the placebo group.
Secondary Outcomes
Histology. Among the 121 patients who had either NASH or borderline NASH at baseline, the resolution of NASH was significantly greater in children treated with vitamin E than with placebo (58%; 95% CI, 42% to 73%; 25/43; vs 28%; 95% CI, 15% to 45%; 11/39; P=.006) . This was mainly attributable to significant improvement in hepatocellular ballooning by vitamin E treatment (change in mean score, −0.5; 95% CI, −0.8 to −0.3, vs ϩ0.1; 95% CI, −0.2 to 0.3; P = .006). Forty-four percent of patients taking vitamin E (95% CI, 30% to 59%; 22/50) had improvement in hepatocellular ballooning compared with 21% taking placebo (95% CI, 11% to 36%; 10/47; P = .02). Vitamin E treatment also significantly improved NAFLD activity score (change in mean score, −1.8; 95% CI, −2.4 to −1.2, vs −0.7; 95% CI, −1.3 to −0.2; P = .02). However, vitamin E did not have significant effects on steatosis, inflammation, or fibrosis as individual components. Forty-four percent of patients treated with metformin (95% Figure 2 ). Serum triglyceride levels increased, and levels of total cholesterol, low-density lipoprotein Abbreviations: ALT, alanine aminotransferase; CI, confidence interval. a Based on 2 test for binary outcomes or analysis-of-covariance model regressing change from baseline on treatment group and baseline value of the outcome for continuous outcomes. b Sustained reduction defined as ALT Յ40 U/L or Յ0.5ϫbaseline ALT level at 48-, 60-, 72-, 84-, and 96-week visits. Primary outcome was imputed as no sustained reduction if data were missing either at week 96 or at all 4 visits from week 48 to week 84; numbers imputed were 8, 6, and 9 for the vitamin E, metformin, and placebo groups, respectively. c Relative efficacy vs placebo=(1−relative risk)ϫ100. d Number of patients with complete data was similar across treatment groups at each follow-up visit and ranged from 45 to 52. cholesterol, and high-density lipoprotein cholesterol decreased among all groups. These changes were not statistically significant between either the vitamin E or metformin groups vs placebo. Similarly, no significant differences between groups were evident in fasting serum glucose levels or HOMA-IR changes (Table 4 and Figure 2) . Anthropometric Variables. The overall mean increase in weight, BMI, and waist circumference per patient were 12.6 kg (95% CI, 11.0 to 14.3), 1.8 (95% CI, 1.3 to 2.2), and 5.1 cm (95% CI, 3.6 to 6.5) during treatment, respectively, despite recommended standard of care on diet and exercise. Although weight gain was slightly less in those patients receiving metformin, there were no significant differences between week 96 and baseline comparing vitamin E or metformin with placebo (Table 4 and Figure 2 ). BMI z score also decreased minimally in the patients treated with metformin, but remained essentially unchanged throughout the study across all treatment groups. Truncal fat values, measured by DXA, decreased slightly in all groups but showed no significant differences between groups. There were uniform increases over 96 weeks in physiciandocumented Tanner stage (Table 4) .
Quality of Life and Safety.
There were improvements in all groups (Ն4.0 points) in self-reported physical and psychosocial parameters that may be of clinical consequence (Table 4) , but there were no statistically significant differences in changes for physical or emotional functioning in quality of life comparing treatment groups for self-reported and parent/guardianreported surveys.
Differences between treatment groups in terms of frequency or severity of adverse events were not significant (eTable 2). Particularly, no changes were evident comparing development of diabetes, change in BMI, elevations in ALT level 2-fold or greater from baseline, or need for hospitalization or surgery (eTable 2). Four children (1 receiving vitamin E, 2 receiving metformin, 1 receiving placebo) had life-threatening or disabling depression or mood alteration, and 1 in the vitamin E treatment group committed suicide. Five children receiving placebo, 1 receiving metformin, and none receiving vitamin E developed diabetes. No complications resulted from percutaneous liver biopsies.
COMMENT
To our knowledge, this is the first multicenter randomized controlled trial for evaluating treatment of pediatric NAFLD and the only trial evaluating treatment of any pediatric liver disease using a designated histologic outcome. Trials in adults with NASH have used changes in liver histology as primary outcomes primarily because alternative noninvasive biomarkers lack validation. For this trial, sample size determination would have required extrapolation from adult data if histology were chosen as the primary end point. However, children exhibit differences from adults in key histologic features such as frequent portal inflammation and fibrosis but less frequent hepatocellular ballooning injury, lobular inflammation, and perisinusoidal fibrosis. 8 There are also likely to be differences in etiopathogenesis and natural history based on early penetrance, pubertal changes, and relative or complete lack of ethanol intake. Thus, the primary end point was selected based on prior pediatric experience using reduction in ALT level. 14, 15 ALT level is significantly associated with NAFLD activity score and fibrosis stage in children, albeit insufficiently predictive for individual purposes of diagnosis, staging, or grading. 11 Sustained reduction in ALT level was selected as the primary end point while recognizing that analyses of changes in histological features were essential. Abbreviations: CI, confidence interval; NAFLD, nonalcoholic fatty liver disease; NASH, nonalcoholic steatohepatitis. a P values derived from either 2 test for binary outcomes or analysis-of-covariance model regressing change from baseline to 96 weeks on treatment group and baseline value of the outcome for continuous outcomes. b Defined as number of patients with no NASH at week 96 among patients with borderline or definite NASH at baseline. Excludes 7, 11, and 8 patients with no NASH at baseline in vitamin E, metformin, and placebo groups, respectively.
A significant change in the predefined primary outcome in this trial was not achieved, although the reductions in ALT levels markedly differed between those receiving vitamin E and placebo through week 48. This difference diminished over subsequent visits, primarily due to continued improvement in ALT level in the placebo group. The percentage and extent of ALT reduction over the initial 24 weeks mimics that found in a previously reported randomized controlled trial (PIVENS) using the same vitamin E dose in adults with NASH. 18 The improvement in ALT level over a longer interval in the placebo group may be due to the frequency of reinforced adherence to diet and exercise recommendations, increased motivation associated with study participation, or advancing puberty. Sensitivity analyses showed results did not vary based on age, body weight, or BMI, indicating that results were unrelated to dose effects.
Children treated with vitamin E demonstrated significant improvements in terms of resolution of NASH in those with NASH or borderline NASH at baseline compared with placebo. There were also significant improvements in hepatocellular ballooning and NAFLD activity score. Improvements in the histologic features are interrelated to a certain extent, as the diagnosis of NASH typically requires the presence of ballooning, and the NAFLD activity score uses ballooning as 1 of the 3 scored components. 7 Ballooning is a major distinguishing feature of NASH, conferring a greater risk of disease progression in longitudinal studies, and therefore, a significant decrease in the severity of ballooning is a clinically important finding. This feature reflects injury to the cytoskeleton and associates with other signs of cellular injury, including increased Mallory bodies and increased fragments of cytokeratin 18.
19 Apparently, as reported pre- Abbreviations: ALT, alanine aminotransferase; AST aspartate aminotransferase; BMI, body mass index; CI, confidence interval; GGT, ␥-glutamyltransferase; HDL, high-density lipoprotein cholesterol; HOMA-IR, homeostasis model assessment of insulin resistance; LDL, low-density lipoprotein cholesterol; NAFLD, nonalcoholic fatty liver disease; NASH, nonalcoholic steatohepatitis; QOL, quality of life. SI conversion factors: To convert AST, ALT, GGT, and alkaline phosphatase to µkat/L, multiply by 0.0167; to convert total bilirubin to µmol/L, multiply by 17.104; to convert ␣-tocopherol to µmol/L, multiply by 23.22; to convert triglycerides to mmol/L, multiply by 0.0113; to convert total, HDL, and LDL cholesterol to mmol/L, multiply by 0.0259; and to convert glucose to mmol/L, multiply by 0.0555. a P values derived from analysis-of-covariance model regressing change from baseline to 96 weeks on treatment group and baseline value of the outcome. b Pediatric Quality of Life Inventory (version 4.0) scores were recoded to range from 0 to 100 with increasing scores indicating better quality of life. c Calculated as weight in kilograms divided by height in meters squared. d Two patients assigned to vitamin E and 1 patient assigned to metformin were too obese to be assessed at week 96. Their values at 96 weeks were imputed with the 95th percentile value at baseline.
viously, serum ALT level is too variable a measure to reflect changes in histology of the magnitude achieved in this trial. 11 There were no significant changes in fibrosis, degree of inflammation, or steatosis independent of the clinical center. The improvements in resolution of NASH and hepatocellular ballooning mirror the results found in the PIVENS trial, which evaluated the same formulation, dose, and duration of treatment with vitamin E in adults with NASH. 18 Unlike the PIVENS trial, this trial did not demonstrate significant comparative improvement in lobular inflammation or steatosis found with vitamin E treatment. Study differences may have arisen because of differences between PIVENS and TONIC inclusion criteria and the lesser number of patients assigned to each treatment in TONIC. Another explanation for differences between PIVENS and TONIC histology outcomes could be attributable to differences between children and adults in terms of distribution and severity of fat and inflammation, 8 or potential differences in etiopathogenesis between the predominantly white adults in PIVENS 18 and Hispanic children in TONIC.
Other than hepatocellular ballooning, metformin did not result in any significant histological improvements compared with placebo over 96 weeks. Given that metformin is known to improve insulin sensitivity, 20 it is possible the metformin dose was inadequate, adherence was poor, or both. Choice of dose was based on a prior pilot trial showing improvement in insulin sensitivity, liver fat fraction, and ALT level in children with biopsy-proven NAFLD.
14 The need for overencapsulation required to make a matching placebo and concerns over children's capabilities to consume large pills precluded consideration of larger doses. For those taking metformin, adherence may have been diminished because of adverse effects, which can include dose-dependent nausea, vomiting, and diarrhea.
Some patients in the placebo group demonstrated improvements in particular histologic features at week 96 in comparison with baseline. Histologic features, including steatosis, lobular inflammation, and fibrosis, improved among placebo-group patients, but hepatocellular ballooning improved less often. Although resolution of NASH in the placebo group was significantly less frequent than in those treated with vitamin E, resolution in some suggests that changes associated with study participation, including adoption of lifestyle advice, could be beneficial. Intensive therapeutic lifestyle interventions involving diet, exercise, and behavioral modification have been shown to improve NASH histology in adult randomized controlled trials. 12 No adverse events were attributable to treatment. Retention of research patients and early termination of study patients by study physicians were similar between all 3 groups. However, this study was not designed to evaluate potential infrequent adverse effects such as increased risk of bleeding with vitamin E. Although 5 children in the placebo group and none in the vitamin E group developed diabetes, this difference was not statistically significant. No evidence exists that vitamin E prevents development of insulin-resistant diabetes. There were no treatment-related changes in serum lipid levels, body size, or body composition.
Limitations of this study include the possibility of a false-negative primary outcome due to underenrollment from the prespecified target sample size. However, the enrollment was only 7 patients short of the target (173/180); thus, full enrollment would not have substantially increased power. Enrolling children with NAFLD but not requiring NASH may have limited the amount of improvement that could be achieved with treatment. Also, inclusion criteria required persistent elevation of serum ALT, so conclusions cannot be made about treatment efficacy in children who have NASH with lesser elevations. Third, children with cirrhosis or diabetes were excluded, so potential benefit or harm in treating these groups was not assessed. Fourth, no attempt was made to combine vitamin E and metformin to determine if there could be increased benefit from dual therapy. Last, the secondary outcome analyses were based on completers rather than intention to treat.
In summary, this double-blind, placebo-controlled, randomized trial of metformin or vitamin E for the treatment of NAFLD in children without diabetes or cirrhosis had a negative primary outcome. The data suggest that children treated with vitamin E who had biopsy-proven NASH or borderline NASH had significant improvement in secondary histologic outcomes with vitamin E. Those children who showed an improvement over placebo were those with initial hepatocellular ballooning degeneration. However, risk of biopsy might outweigh the benefits of therapy, so development of noninvasive markers for identification and monitoring of those who may benefit is desirable. Lifestyle modification is warranted for all children with NAFLD. The role of treatment with vitamin E in those who have a biopsy demonstrating borderline or definite NASH remains to be determined.
